Modified photonic crystal unit-cell resonators containing self-organized In 0.65 Ga 0.35 As/ GaAs quantum dots are fabricated and characterized. Especially, the tunability of the resonant frequencies as a function of the nearest air holes, the outer air hole, and the lattice constants are investigated in detail by comparing experimental data with three-dimensional finite-difference time-domain calculations. The experimental Q is found to be more than 2000 for a monopole mode and a quadrupole mode.
I. INTRODUCTION
A high-quality-factor photonic-crystal unit-cell resonator ͑PC-UCR͒ with a single quantum dot ͑QD͒ is an ideal system to study the interplay between photons and excitons. Such small and low-loss resonators attract strong scientific interest due to the possibility of manufacturing a solid single photon-source for quantum information. [1] [2] [3] Recently, advances in nanofabrication technologies have paved the way for PC-UCR lasers with high spontaneous emission factors. [4] [5] [6] Several groups have demonstrated Purcell enhancement with an individual QD coupled to the planar microcavity, [7] [8] [9] i.e., a one-dimensional PC structure. In the two-dimensional PC structure, Happ et al. reported the different saturation levels for QDs on and off the cavity resonance. 10 The potential of PC-UCR for strong coupling cavity quantum electrodynamics experiments was considered theoretically for cesium atoms 11 and semiconductor QDs. 12, 13 Several groups have demonstrated the existence of high-Q modes in the PC-UCR. [14] [15] [16] [17] In this article, we demonstrate high-Q PC-UCRs based on self-organized In 0.65 Ga 0.35 As/ GaAs quantum dots as active region. Two-dimensional triangular-lattice photonic-crystal slabs are fabricated, which have a large band gap for the transverse-electric ͑TE͒ light fields. The existence of high-Q resonance modes is verified using room-temperature photoluminescence ͑PL͒ spectroscopy and imaging techniques with a high-numerical aperture ͑NA͒ objective lens. Resonant PL peaks are identified by three-dimensional ͑3D͒ finite-difference time-domain ͑FDTD͒ calculations. Each resonant mode is then identified by its polarization.
II. FABRICATION
The structure of PC-UCR is described in Fig. 1͑a͒ , where the center air hole is replaced by dielectric and the nearest air holes are modified. The radius of normal air holes is designed to be 0.35 a. The position of the nearest air holes is radially shifted away by 0.15 a from the original lattice point, and their radii are varied from r m = 0.22 a to r m = 0.28 a. This is a way of tuning the resonant frequency and the quality factor ͑Q͒ of PC-UCRs without affecting the photonic band gap. 4, 18, 19 The active region of the PC slab consists of four layers of self-organized In 0.65 Ga 0.35 As QDs separated by 35 nm GaAs spacer layers as shown in Fig. 1͑b͒ . The QD sheet density is around 7 ϫ 10 10 cm −2 . The epistructure is grown on semiinsulating GaAs͑001͒ substrate using alternative-precursor metalorganic chemical vapor deposition. Trimethylgallium, trimethylaluminum, and trimethylindium were used as group-III sources; arsenic was supplied using the alternative nonhydride source tertiarybutylarsine. 20, 21 Two pairs of 20 nm Al 0.4 Ga 0.6 As and 20 nm GaAs layers were introduced as the top and the bottom cladding layers to confine carriers in the active region. The total PC slab thickness is 255 nm. A 600-nm-thick Al 0.98 Ga 0.02 As below the PC slab was either sacrificed during fabrication or wet-thermally oxidized and used as a low-index cladding layer. The PL center of the QD ensemble is about 1200 nm, the inhomogeneous line broadening being around 100 nm.
PC-UCRs are processed by preoxidation of the Al 0.98 Ga 0.02 As layer, electron-beam lithography, chemically assisted ion-beam etching ͑CAIBE͒, and undercut wet etching of the Al x Ga 1−x O y layer using a buffered oxide etchant. The preoxidation was performed at 420°C in a vacuumsealed quartz tube saturated with hot water vapor, the oxidation rate was about 0.5 m / s. We then spin coated a poly͑methylmethacrylate͒ ͑PMMA͒ mask layer. After developing PC patterns, the remaining PMMA mesas were hardened by an Ar-ion shower for 40 s. The Ar flow rate and pressure were 3.5 sccm and 4 ϫ 10 −4 Torr, respectively. The acceleration voltage and the discharge voltage were 600 and 400 V, respectively. The PMMA mesas were then further solidified at 110°C for several hours. With the subsequent postbaking process, the CAIBE period could be increased twice as long as without it, and the damage to the PMMA mesas reduced. During the CAIBE process, the Ar flow rate was 3.5 sccm and the Cl 2 flow rate was 3.5 sccm. The acceleration voltage and the discharge voltage were 600 and 400 V, respectively. Under these conditions, the PMMA layer withstands the bombardment of Cl and Ar ions for ϳ150 s. During CAIBE, the PMMA is partially sputtered on the PC structure and had to be removed afterwards by O 2 reactive ion etching at a pressure of 250 mTorr using a rf power of 25 W. Figure 2 shows air holes etched using CAIBE at different temperatures of ͑a͒ 60, ͑b͒ 85, and ͑c͒ 125°C. The base plate for sample keeps the temperature during the CAIBE process. The temperature change of the base plate was less than 5°C after the CAIBE process for 150 s. Etching at 85°C results in smooth surfaces as well as a high aspect ratio. At 125°C, the shape of the air holes is partly damaged and the sidewalls are rough. At 60°C, the sidewall become smooth. However, the etch rate as well as the aspect ratio are very low and we were unable to etch through the slab. Figure 3͑a͒ shows a scanning electron microscope image of a fabricated PC-UCR with a = 370 nm, r = 0.35 a, and r m = 0.26 a. Usually, the fabricated PC-UCRs are different from the designed structures. For example, the air hole size depends on the electron beam dosage during electron beam lithography, owing to the proximity effect. We therefore controlled the air hole radius by varying the electron beam dosage during lithography. When we increase the dosage by 5% of a reference value, the air hole size increases by about 10%. Figure 3͑b͒ shows three scanning electron microscopy ͑SEM͒ images of PC-UCRs fabricated with different electron-beam dosages. The air hole diameter increases from left to the right while the radius ratio between the nearest hole and the normal hole r m / r = ͑0.26 a͒ / ͑0.35 a͒ is preserved. We define the scale factor f e as the ratio of the fabricated hole size to the designed hole size.
III. EXPERIMENTS
We recorded pulsed room-temperature PL spectra of the fabricated PC-UCRs, using a 980 nm laser diode as excitation source. A 50ϫ objective lens ͑NA= 0.85͒ perpendicularly focuses the pump beam on the sample and collects the light emitted upward at the same time. The diameter of the excitation spot is about 3 m. The pulse width of the pump beam was 25 ns, the repetition rate was 1 MHz. The incident peak power is 0.5 mW. An edge filter is placed to block the pump laser in front of the monochromator as well as the infrared charge coupled device. A rotatable linear polarizer is placed in front of the monochromator ͑cf. also Ref. 18͒ .
First, we investigated the effect of air hole size, using PC-UCRs with a lattice constant of a = 390 nm. As discussed in the previous section, the air hole sizes change with electron-beam dosages. When we measured the PL spectra of PC-UCRs defined with different dosages, resonance peaks blueshifted by about 50 nm with the air hole size as shown in Fig. 4 , where the dotted and solid lines stem from samples with and without Al x Ga 1−x O y cladding, respectively. It is found that the removal of the Al x Ga 1−x O y layer results in an additional blueshift of the resonance peaks by about 15 nm. The intensity becomes larger and the lines become narrower. The background PL also increases due to the larger index contrast between the PC slab and the air as opposed to the Al x Ga 1−x O y .
We then investigated the effect of modifying the radius of the nearest air holes. PL spectra of samples with nearest air hole radii ranging from r m = 0.28 a to r m = 0.22 a are shown in Fig. 5 . The lattice constant of a = 370 nm and the air hole radius of r = 0.35 a are the same for all samples. Figure 5 shows that the resonance peaks are blueshifted by about 30 nm upon an increase of r m by 0.02 a. The spectral separation between the peak at 1198 nm and the center of the two peaks near 1183 nm increases likewise. The spectral separation of adjacent peaks also becomes larger.
Last, the effect of varying the air hole lattice constant a was examined. We measured PL spectra by varying a from 410 to 370 nm while the air hole radius and the nearest airhole radius were fixed at r = 0.35 a and r m = 0.24 a, respectively. The resonance peaks experience a redshift by 40 nm upon increase of the lattice constant by 20 nm as shown in Fig. 6 .
A relatively high-Q resonance mode is observed in the PC-UCR with a = 390 nm and r m = 0.24 a as shown in Fig.  7͑a͒ . The dominant peak at 1200 nm shows a resolutionlimited full width at half maximum ͑FWHM͒ of about 0.6 nm indicating a Q factor of more than 2000. In the longer wavelength region, two closely spaced peaks are found at 1263 nm, and a small peak exists at 1285 nm. The inset shows a polarization characteristic of the mode at 1200 nm observed from the top, indicating no specific direction of polarization. More high-Q resonance modes are found in the PC-UCR with a = 370 nm, r = 0.35 a, and r m = 0.26 a as shown in Fig. 7͑b͒ . The two resonance peaks at 1217 and 1222 nm have a FWHM of about 0.8 and 0.6 nm, respectively. The inset shows the measured polarization for the peak at 1217 nm with some elongation.
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IV. ANALYSIS
A PC slab with a thickness t of 0.7 a and an air hole radius r of 0.35 a has the photonic band structure as shown in Fig. 8͑a͒ according to a plane- In order to quantify the lithographic tuning of the resonance frequencies and to identify the observed high-Q modes, we performed 3D FDTD calculation, taking into account the full epitaxial structure, i.e., the PC slab, the Al x Ga 1−x O y sacrificial layer, and the GaAs substrate. The size of the calculation domain is ͑13a ϫ 13a ϫ 5a͒, where one lattice space ͑a͒ is divided into 20 grids. The refractive indices of the slab, the Al x Ga 1−x O y cladding, the GaAs substrate are 3.4, 1.7, and 3.4, respectively. The resonance frequencies of the freestanding PC-UCRs with t = 0.7a is presented as a function of nearest air hole radius in Fig. 8͑b͒ . According to the 3D FDTD calculation with the Al x Ga 1−x O y cladding, the resonance frequency does not change much. It shifts by ϳ0.0015 in normalized frequency or ϳ10 nm in wavelength. When the air hole are drilled into the Al x Ga 1−x O y cladding, the resonant frequencies becomes closer to that of the freestanding PC-UCR.
In both cases, the reduction of the nearest air hole radius from r m = 0.28 a to r m = 0.22 a results in a large redshift of the resonance frequency. The resonance frequencies of the monopole mode and the quadrupole mode move at a similar rate. Interestingly, the hexapole mode moves away from the quadrupole mode and comes closer to the dipole mode as r m becomes smaller. We observed a similar trend in Fig. 5 , where the resonant peaks are identified as the monopole mode, two quadrupole modes, and the hexapole mode from the left to the right. The separation of the adjacent quadrupole modes seems to originate from the irregularities of nearest air holes in fabrication. 19 Next, we calculated the frequency shift as a function of the global variation of the air hole radius. In the calculation, the design parameters ͑a = 370 nm, r = 0.35 a, t = 0.7 a, and r m = 0.28 a , . . . , 0.22 a͒ are scaled by f e = 0.9, 1.0, and 1.1. The global change of air holes by 10% results in a normalized frequency shift of 0.01, which agrees well with the experimental result of ⌬a / = 0.008± 0.001 of Fig. 4 .
Considering the effects of nearest air holes and the global size variation, we compared the resonance frequencies of the PC-UCRs with a = 370 nm ͑or t = 0.7 a͒ with those of 3D FDTD calculation as shown in Fig. 9 , where various dots are the experimental data and lines are the calculation results. Note that solid lines and filled dots are for the air holes as designed ͑f e = 1.0͒. Dashed lines and empty dots are for the air holes enlarged by 10% ͑f e = 1.1͒. The experimental results agrees well with the tuning behavior reflected in the calculations. However, the PL resonances deviate from the calculation as the nearest air holes become smaller.
Experimentally, we tried three lattice constants a = 370, 390, and 410 nm, which corresponds to t / a = 0.7, 0.65, and 0.6, and repeated calculation to find the frequency change. When the relative thickness t / a decreases by 0.05, the resonance frequencies increase by 0.005 units of normalized frequency. It matches well with the experimental result of ⌬a / = 0.006± 0.001 of Fig. 6 . For comparison, if we vary not only the lattice constant but also the slab thickness, the resonant mode blueshifts by ജ60 nm.
Based on the earlier analysis, we can identify the high-Q modes in Figs. 7͑a͒ and 7͑b͒ as the monopole mode and the two quadrupole modes. The measured polarization for the monopole mode originates from the local electrical-field vector distribution, which is circulating at the defect region as in Ref. 18 . Theoretically, the quality factor of a hexapole mode can be as high as 5 ϫ 10 5 with the design parameters of r = 0.35 a, r = 0.26 a, and t = 0.6 a. 22 Experimentally, however, we observed relatively high-Q monopole mode and quadrupole modes only. We think it is because of the irregularities of the nearest air holes and the roughness of side walls, since the hexapole mode depends more strongly on the interface between the air and the dielectric due to its field distribution. The large splitting of the degenerate quadrupole mode seems to originate from the same reason.
V. SUMMARY
In summary, we have studied the tuning behavior of resonance modes of PC-UCRs containing self-assembled InGaAs/ GaAs QDs. By varying the lattice constant by 40 nm, the nearest air hole by 0.06 a, and the overall air hole size by 20%, a resonant mode can be tuned easily in the inhomogeneous line broadening of QDs. In the same manner, the resonant mode can be turned readily to individual quantum dots in a PU-UCR with lower QD sheet density. The high-Q PC-UCR with a single QD can be utilized as an efficient solid single photon source for quantum information and cryptography. 
